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Abbreviations and symbols:  
AC, articular cartilage;  
0D , the translational diffusion coefficient in bulk water;  
,i jD , element (i, j) of the simulated laboratory-frame diffusion tensor (e.g., ,x yD );  
iD , eigenvalues of the simulated laboratory-frame diffusion tensor;  
iD , eigenvectors of the simulated laboratory-frame diffusion tensor; 
DT(I), diffusion tensor (imaging);  
FA, fractional anisotropy of the diffusion tensor;  
MC, Monte Carlo;  
FN , the number of fibres in a simulation volume;  
PN , the number of tracer particles in a Monte Carlo random walk;  
TN , the number of time steps in a Monte Carlo random walk;  
RMS, root-mean square;  
R , radius of the fibre   
,m nr , position of the n-th tracer particle at the end of the m-th time step;  
α , Alignment factor of a distribution of fibres. 
Δ , diffusion time;  
,m nΔr , displacement of the n-th tracer particle during the m-th time step;  
tΔ , time step in the random-walk simulation;  
0θ , the semi-angle of the fibre distribution cone;  
φ , volume fraction of collagen;  
φOverlap  , overlapped volume fraction of collagen; 
Φ  , the desired collagen volume fraction.  
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Abstract  
Monte Carlo simulations were used to investigate the relationship between the morphological 
characteristics and the diffusion tensor of partially aligned networks of cylindrical fibres. The orientation 
distributions of the fibres in each network were approximately uniform within a cone of a given semi-
angle (θ0). This semi-angle was used to control the degree of alignment of the fibres. The networks 
studied ranged from perfectly aligned (θ0 = 0) to completely disordered (θ0 = 90o). Our results are 
qualitatively consistent with previous numerical models in the overall behaviour of the diffusion tensor. 
However, we report a non-linear relationship between the fractional anisotropy of the diffusion tensor and 
collagen volume fraction, which is different to the findings from previous work. We discuss our results in 
the context of diffusion tensor imaging of articular cartilage. We also demonstrate how appropriate 
diffusion models have the potential to enable quantitative interpretation of the experimentally measured 
diffusion-tensor fractional anisotropy in terms of collagen fibre alignment distributions. 
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1.  Introduction 
Articular cartilage (AC) is the tissue that covers the articulating surfaces in mammalian synovial joints. It 
provides a low friction protective barrier for the underlying bone surfaces and redistributes the forces on 
the joint over a wider area. The main components of AC are water (65-70%), collagen producing cells 
called chondrocytes and a cross-linked network of collagen fibres and proteoglycans (PG) called the 
extracellular matrix (ECM, 25-30%) [1].The ECM plays a key role in determining the biomechanical 
properties of the tissue and is generally considered as having three alignment zones: 1) the superficial 
zone, near the articular surface (AS), where the predominant direction of collagen fibres is parallel to the 
AS, 2) the radial zone, located near the bone, where the fibres are aligned perpendicular to the AS and 3) 
the transitional zone, which lies between the previous two zones and exhibits no predominant fibre 
alignment [2].  
This zonal alignment can be observed noninvasively using magnetic resonance imaging (MRI) techniques 
[3–6]. Diffusion tensor imaging (DTI) provides an accurate measure of AC microstructure via evaluation 
of the spatially resolved diffusion tensor eigenvalues and eigenvectors [4,7–10]. Specifically, the 
principal eigenvector of the diffusion tensor has been used to obtain the predominant direction of collagen 
fibres in native, compressed and PG-depleted AC samples [11–14]. However, quantitative determination 
of the degree of fibre alignment and fibre volume fraction is limited due to the complicated relationship 
between these two parameters and the diffusion tensor (DT). 
The development of a comprehensive diffusion model that allows for the conversion of the DT into the 
physical characteristics of AC morphology is a potential solution to this limitation. Numerous 
computational studies have investigated the transport or diffusion of particles through fibrous-like 
networks [15–21]. These investigations encompass a range of fibre network representations, particle sizes 
and interaction models and have applications to the diffusion of water through collagen or biopolymer 
cross-linked networks. While this research is paramount for the understanding of water diffusion through 
AC, quantitative characterisation of the diffusion tensor in partially aligned networks remains limited. 
Studies performed by our group have specifically investigated the diffusion of water through AC-like 
models in an effort to relate the eigenvalues and fractional anisotropy (FA) of the diffusion tensor to the 
morphological characteristics of the simulation structures. Previously, we have used Monte Carlo (MC) 
simulations [22] to calculate the water diffusion tensor through networks of perfectly aligned cylindrical 
fibres and Langevin Dynamics [23] to investigate networks of collagen cylinders rotated at various angles 
to the principal direction of diffusion.  
In order to extend these studies, in the present work we used MC simulations to calculate the diffusion 
tensor of water in fibre networks with a distribution of fibre angles. The use of a continuous angular 
distribution for the modelling of collagen fibre networks has been shown to be an accurate predictor of 
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both tensile [24] and MRI 2T  relaxation  phenomena [25]  in AC. In the present study, the collagen fibres 
were randomly placed in the simulation volume and allowed to overlap freely. Tracer water molecules 
were then allowed to perform random walks through the generated networks, and the DT was calculated 
from their final displacements. The simulation results were used to produce a quantitative relationship 
between the diffusion tensor, fibre volume fraction and fibre alignment. We discuss the results in the 
context of diffusion tensor imaging of articular cartilage.  
2. Methods  
Diffusion of water through fibre networks was modelled using Monte Carlo (MC) simulations. The tracer 
molecules preformed a three dimensional random walk through various fibre networks, and the 
distributions of the final displacements at the end of each simulation were used to compute the 
corresponding diffusion tensors.  
2.1 Construction of Fibre Networks  
The simulation volumes were defined as cubes, of length 2000 nm, and characterised by two parameters: 
1) the collagen volume fraction, φ , and 2) the alignment factor of the network fibres, α . The collagen 
fibres were modelled as infinitely long, rigid cylinders of radius 40 nm=R  and represented in the 
simulation by a pivot point and directional vector. The pivot points were randomly and uniformly 
distributed within the simulation volume. All fibres stretched from one face of the cube to another face, 
either opposing or adjacent. Partial alignment of the collagen fibres was achieved by setting an upper 
limit, 0θ , on the angle between a fibre directional vector and the z-axis of the simulation volume. 
Completely disordered networks corresponded to 0 90θ =   while complete alignment of the fibres (along 
the z-axis) corresponds to 0 0θ =  . A 0θ between 0
   and 90  produced a partially aligned fibre network 
with a random distribution of fibre angles ranging from 0 to 0θ . The sampling of the random distribution 
was bypassed for the completely aligned networks; instead these networks were constructed by forcing 
the directional vector of the fibres to be { }0,0,1 .  As a measure of the disorder of the fibres within a given 
simulation volume, we defined the alignment factor, α , analogous to the order parameter commonly 
used to describe liquid crystals [26]: 
 
23Cos 1
2
θ
α
−
=   (1) 
where <...> denotes ensemble averaging. In the case of a quasi-continuous and uniform distribution of 
fibre directions characterised by the upper angle 0θ , the ideal value of α   can be calculated using: 
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The case of 0α = ( 0 90θ = ° ) corresponded to a fully disordered network, while 1α =  ( 0 0θ = ° ) 
corresponded to network completely aligned with the z-axis.  
In each MC simulation a finite number of collagen fibres was used. In this case α  was calculated by 
averaging the order parameter over the ensemble of fibres: 
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  (3) 
where FN  is the number of fibres in the simulation volume, and θi  is the angle between the i-th fibre and 
the z-axis. The finite value of FN  meant that it was possible to produce simulation volumes with a 
negative α . This occurred if the set of θi  angles used happened to be slightly biased towards the 
equatorial alignment, resulting in a weakly oblate diffusion tensor. The most negative value of α  
generated was −0.13.  
The number of fibres in each simulation volume was varied to achieve a target collagen volume fraction (
Φ ) defined at the start of the simulation, while the fibre radius (R) was kept constant. The number of 
fibres required to achieve Φ  was estimated by considering the non-overlapping, aligned fibre case and 
rounding to the nearest whole number: 
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  (4) 
where the length of the fibres was taken to equal the length of the simulation volume, 2000 nm=L . This 
number of fibres was used for all combinations of 0θ  with the defined Φ .  
Figure 1 shows a 3D representation, and the corresponding cross-section at 0=z , of three representative 
fibre networks for 0.2Φ = . The networks (a), (b) and (c) were generated using 0 0 ,  50θ = ° °  and 90° , 
respectively. The random placement of the fibres resulted in partial overlap of some fibres (labelled as 2 
in the cross-section in figure 1 (a)) as well as portions of fibres lying outside the simulation volume 
(labelled as 3 in the cross section in figure 1 (a)).  As a result, the actual collagen volume fraction (φ ) of 
the simulation networks differed from the desired collagen volume fraction ( Φ ). The actual value of φ  
was calculated for each network generated. This was achieved by sampling a 3D array of 401 401 401× ×   
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equidistant points within the simulation volume and calculating the ratio of the number of points in fibres 
to the total number of points. This grid size was chosen because it allowed φ  to be calculated accurately 
to at least three decimal places, without significantly adding to the computation time of the simulation. 
Using a similar method, the volume occupied by the fibre intersections, φOverlap , was also calculated. The 
sample points were selected and tested against each fibre in order to determine if a point lay in more than 
one fibre. The sampling of φOverlap  was based on grid points rather than fibres in order to ensure that a 
given overlapped volume was not counted twice. Once a sample point was found to lie within two fibres, 
the point was counted as part of the overlapped volume and not tested against the rest of the fibres.  As a 
result, φOverlap  did not distinguish between two or more than two fibres overlapping.  
Eight Φ  values, ranging from 0.05 to 0.4, in combination with ten 0θ values ranging from 0°  to 90° , 
were investigated. For each set of 0θ  and Φ , twenty simulation volumes were generated. Each 
simulation volume had a unique value ofφ  (which ranged from 0.038 to 0.330) and α  (ranging from 
0.13−  to 1). 
2.2 Random Walk of Tracer Molecules 
Each MC simulation tracked the stochastic trajectories of 150 000=PN  water molecules over 
30 000=TN  time steps through the networks generated. The starting position of each tracer molecule 
was determined by randomly sampling points within the simulation volume and rejecting any points lying 
within the fibre volume. Each time step was 95 10  s−Δ = ×t , during which each molecule attempted a 
step of the size 
 06Δ = Δr D t   (5)  
where 90 2.3 10
−
= ×D 2 1m s−  is the self-diffusion coefficient of water molecules in bulk water at 25 C° . 
The selection of TN  and Δt  was restricted by two factors. Firstly, we required r RΔ <<  in order to avoid 
molecules stepping through the fibres without ‘encountering’ them. The step size for each time step was 
8 nmΔ ≈r , approximately five times smaller than the fibre radius R. Secondly, the root mean square 
(RMS) displacement for the ensemble of water molecules must be large enough so that the average 
displacement of a water molecule is much larger than the average separation between the fibres. This was 
done to ensure that the DT sampled corresponded to the long diffusion time (long- Δ ) limit (see section 
4.1). 
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Figure 1. Three dimensional visualisation and the corresponding cross-sections, at 0=z  , for networks 
generated using 0.2Φ =  and (a) 0 0θ = ° , (b) 0 50θ = ° and (c) 0 90θ = ° . The white area in the figures is 
the aqueous domain where the tracer molecules are able to diffuse. The lighter green areas in the cross-
sections represent simulation volumes occurred by a fibre, while the darker green areas emphasise fibre 
intersections. The fibres were infinitely long and always stretched from one cube surface to another (but 
not necessarily two opposite surfaces). The numbers in cross-section (a) demonstrate different fibre 
overlap scenarios: 1. Individual fibres that do not overlap with any others; 2. Fibre intersections due to 
two or more fibres overlapping; and 3. Fibres with only partially included fibre volumes due to their 
position at the edge of the simulation volume. 
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The direction of the step attempted by particle n at the beginning of time step k, ,Δ k nr , was random and 
uncorrelated with any of the previous steps for that or any other particle. The direction of ,Δ k nr  was 
uniformly distributed on the surface of a sphere of radius Δr  centred on that tracer molecule. The new 
position of particle n was then tested to determine if it lay within a fibre. This was achieved by calculating 
the shortest distance between particle n and the axis of each fibre. If the distance was greater than a fibre 
radius, 40 nm=R , then the new position was in the aqueous domain, and the particle was allowed to 
perform the attempted step ,Δ k nr  . If the shortest distance was less than R , the attempted step had moved 
the molecule into a fibre. In this case, inelastic reflecting boundary conditions were applied, and the tracer 
n was reflected back to the position it held at the beginning of time step k. As a result, the displacement of 
the tracer for the time step was zero.  
Periodic boundary conditions were applied to the boundaries of the simulation volume, so a molecule 
moving outside the simulation volume re-entered the volume at the opposite face of the simulation cube, 
provided the recalculated position was not within a fibre. If the molecule encountered a fibre during a 
boundary crossing, then the molecule interacted with the fibre as discussed above (i.e. the tracer was 
reflected back to its position at the beginning of the time step). The overall displacement of the tracer 
particles was stored separately to their positions within the simulation volume to ensure that the 
calculated final displacements did not include apparent steps across the entire simulation volume during 
boundary crossings.  
2.3 Diffusion Tensor and Fractional Anisotropy  
At the end of the simulation, the elements of the laboratory-frame diffusion tensor were calculated as:  
 ( )( ), , 0, 0,,
 1
1
2  Δ
=
= − −P T T
N
j ji i
i j N n n nN n
P T n
D r r r r
N N t
  (6) 
where the subscripts i and j refer to the ,x y  or z directions and 0,nr  and ,TN nr  are the initial and final 
positions of molecule n, respectively. 
The eigenvectors and eigenvalues of the DT were found through diagonalisation of the laboratory-frame 
DT computed according to equation (6). To reduce sorting bias [27,28], the eigenvalue that corresponded 
to the eigenvector closest to the ݖ axis was taken as the principal eigenvalue, 1D , while the two remaining 
eigenvalues were taken as the secondary eigenvalues, 2D  and 3D . Due to the axial symmetry of the 
system, the three DT eigenvalues can be reduced to two diffusivity parameters. The longitudinal 
diffusivity, 1=LD D , describes the diffusion in the principal direction (along the z-axis) while the average 
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of the two secondary eigenvalues was taken to produce the transverse diffusivity, 2 3( ) / 2= +TD D D , 
which describes diffusion in the x y plane. 
The fractional anisotropy (FA) of the diffusion tensor, which gives a measure of the asymmetry of the 
DT, was calculated from the diffusion eigenvalues as  
 ( ) ( ) ( )
2 2 2
1 2 3
2 2 2
1 2 3
3
2
− + − + −
=
+ +
av av avD D D D D DFA
D D D
  (7) 
where 1 1 2 33 ( )= + +avD D D D is the average diffusivity. This definition of FA is valid for the case of a 
prolate diffusion tensor [28], which covers the fibre networks used in this study. In the limit of → ∞PN , 
the cases of extreme anisotropic and perfectly isotropic diffusion are given by 1=FA   and 0=FA , 
respectively.   
2.4 Implementation 
The MC simulation software was written in C++ and run on a 1316 CPU core SGI Altix supercomputer. 
As the number of particles and time steps was constant throughout all simulations, the time taken to 
complete a simulation scales only with the number of fibres in the networks. Networks generated with 
0.05Φ =  took approximately 1 CPU-hour to run, while networks generated with 0.4Φ =  took up to 10 
CPU-hours to complete. 
 3. Results  
3.1 Diffusion tensor in bulk water.  
In order to check the random walk algorithm, a set of 20 simulations was run in isotropic simulation 
volumes, i.e. simulation volumes containing only bulk water and no collagen fibres. The relative 
diffusivities, 0/D D , (averaged over the 20 simulations) were 1.00 0.01± , 0.998 0.008±  and 
1.00 0.01,±  and the average FA was 0.005 0.002± .  
3.2 Fibre Overlap 
The relationship between the desired collagen volume fraction, Φ , and the actual collagen volume 
fraction, φ , is shown in figure 2. The dashed line in the figure corresponds the non-overlapping, aligned 
fibre case, where φ = Φ . The solid curve is a fit to the data points. It is included as a guide for the eye to 
emphasise the differences between the target Φ  and the actual φ , which are especially prominent at 
0.2Φ > . The relationship between Φ  and φ  is non-linear due to the presence of fibre overlaps discussed 
in sections 2.1 and 4.6.  
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Figure 2. The relationship between the desired collagen volume fraction, Φ , and the actual collagen 
volume fraction, φ . The dashed line is the ideal case (aligned, non-overlapping fibres all fully included in 
the simulation volume) where φ = Φ . The black dots (which overlap due to the large number of data 
points) correspond to the individual simulation volumes. The solid line is the least-squares fit of the data; 
it is included to emphasise the curvature of φ  away from the ideal behaviour.  
 
The relationship between φ and fibre overlap, φOverlap , was also investigated. The amount of volume 
overlapped was found to be almost independent of the alignment of the fibres, but increased 
approximately quadratically with φ .  The empirical least squares fit of the simulated data was: 
 2 2( , ) 0.06 0.79 0.04φ α φ φ φ αφ= − + −Overlap   (8) 
For 0.1φ < there was little to no fibre overlap observed: 0.002φ ≈Overlap . The maximum overlap, 
0.07φ ≈Overlap  occurred at 0.32φ ≈  and 1α =  .  
3.3 DT eigenvectors 
The principal eigenvector of the DT for each simulation was taken as the eigenvector that lay closest to 
the z axis, i.e ˆmax[ ]⋅1D z  . The magnitude of the inner product between the principal eigenvector, iD , 
and the z-axis, 1 ˆ⋅D z , was calculated for each simulation volume and examined as a function of φ  and 
α . For simulation volumes with 0.5α >  the range of  1 ˆ⋅D z  values was between 0.889  and 1 with a 
mean value of 0.998 . In the simulation volumes where the fibres were almost isotropic, 1 ˆ⋅D z ranged 
from 1 to 0.597 with a mean value of 0.85. 
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3.4 DT eigenvalues   
Both LD  and TD  were normalised with respect to the input self-diffusion coefficient of bulk water,
9
0 2.3 10
−
= ×D 2 1m s− , used in the random walk process. 
Figure 3 shows the dependence of 0/LD D   and 0/TD D   on φ  for four target values of α  : 1α = , 
corresponding to the fully aligned fibre networks; 0.8α =  and 0.4α = , corresponding to partially 
aligned networks; and 0α =  for the fully disordered networks. The fibre networks in each simulation had 
unique α  values. For this reason, figure 3 was produced by selecting a slice of values within 0.02±  of 
the target α  values. The solid and dashed lines shown, are the cross-sections, at the target α , of the least 
squares surface fits applied to the 3D data sets 0( / ,  ,  )α φD D . The resulting empirical equations for 
0/LD D  and 0/TD D  were:     
 ( ) 2 2 2 2
0
, 0.996 0.004 0.671 0.519 0.005 0.560 0.616φ α α φ αφ α φ α φ= − − + + − +LD
D
  (9) 
 ( ) 2 2 2 2
0
, 1.000 0.010 0.856 0.211 0.016 0.001 0.591φ α α φ αφ α φ α φ= + − − − + −TD
D
  (10) 
3.5 Fractional Anisotropy. 
The relationship between FA, φ   and α  is shown in the three-dimensional plot in figure 4. The surface 
fit, also displayed in this figure, is a least-squares expansion of ( , )φ αFA  by the termsφ n mlY , where mlY  
are the real parts of spherical harmonics and the values of n , l  and m  are listed in Table 1. The 
coefficients and residuals of the fit are shown in Table 1 and the insert of figure 4, respectively. The mean 
residual for the entire fit was 0.000 0.004± . An expansion ( , )φ αFA  for 1≤n  (not shown) was also 
performed on the data, in accordance with the previous literature [23], but was found insufficient at 
describing the FA for simulation volumes with 0.6α > . Figure 5 displays selected cross-sections of the 
plot shown in figure 4. These were generated according to the method described in section 3.4 using the 
same four target α  values.  
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Figure 3. Eigenvalues of the simulated diffusion tensor as a function of the collagen volume fraction, φ , 
for four different alignment factors,α ;  (a) 1α = , (b) 0.8α = , (c) 0.4α =  and  (d) 0α = .  The open 
circles are the simulated values of the normalised principal diffusivity, 0/LD D  , and the solid lines are 
the corresponding cross-sections of the surface given by equation (9). The solid squares are the simulated 
values of the normalised transverse diffusivity, 0/TD D , and the dashed lines are the corresponding cross-
sections of the surface fit given by equation (10).  
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Figure 4. The fractional anisotropy, FA, of the simulated diffusion tensor as a function of collagen 
volume fraction, φ , and alignment factor, α . The surface is an expansion of the FA by the termsφ n mlY . 
The coefficients of the fit are shown in Table 1. The insert shows the residuals of this fit.  
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Table 1. Coefficients of the expansion of the 
fractional anisotropy data shown in figure 4, 
( , )φ αFA , by the terms φ n mlY . 
φ n mlY  Coefficient 
0
0Y  0.012 
0
0φ Y  -0.627 
2 0
0φ Y  80.753 
0
1φ Y  1.176 
2 0
1φ Y  -118.105 
1
1φ Y  -2.199 
2 1
1φ Y  73.921 
0
2φ Y  -0.582 
2 0
2φ Y  55.321 
1
2φ Y  0.488 
2 1
2φ Y  -32.123 
2
2φ Y  -0.368 
2 2
2φ Y  80.322 
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Figure 5. The fractional anisotropy, FA, of the diffusion tensor as a function of the collagen volume 
fraction, ,φ  for four different alignment factors, α ;  (a) 1α = , (b) 0.8α = , (c) 0.4α =  and  (d) 0α = . 
The solid lines are the corresponding cross-sections of the surface fit shown in figure 4. 
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4. Discussion 
Diffusion tensor imaging (DTI) is a powerful tool for interrogating articular cartilage microstructure. 
Information about collagen fibre organisation, macromolecule content and water content can all be 
inferred from the measured DT as a result of restricted diffusion in the sample. In articular cartilage (AC), 
both the proteoglycans (PG) and collagen fibres act to restrict diffusion of water. Experimentally 
measured maximum diffusivities in untreated AC are depth-dependent and generally lie within the range 
of 91.0 10−× and 92.0 10−× 2 1m s−  [12]. This variation can be attributed mainly to the variation in the 
molar fraction of water bound to AC macromolecules (collagen and proteoglycans) with the depth from 
the articular surface. However, the diffusion anisotropy in AC can be exclusively attributed to the 
alignment of the collagen fibre network [12,14]. For this reason, PG were not explicitly modelled in our 
simulations and instead the bulk water diffusion coefficient, 90 2.3 10
−
= ×D 2 1m s− ,  was used as the 
input diffusion coefficient for simulation of the translational motion of the water molecules. While the 
actual value of 0D  has an effect on the absolute diffusivities iD , it does not affect the ratios 0/iD D  or 
the fractional anisotropy (FA). The unitless quantities 0/iD D  and FA are independent on the scale of the 
DT and, as a result, are invariant to 0D  [22]. Because of this, the use of the bulk water diffusion 
coefficient does not affect the validity of our simulations in that the unitless quantities 0/iD D  and FA 
can still be directly compared to experimental data.  
The collagen network is generally sectioned into zones across the depth of AC, according to the 
predominant fibre alignment in each zone. However, this zonal model should be considered as a 
discretisation of some continuous fibre orientation function; there is no exact boundary separating any 
two zones in AC. As a result, modelling the fibres in the radial, transitional and superficial zones as 
simply aligned, disordered and aligned does not adequately describe the fibre organisation in AC. 
Different degrees of fibre order are required to fully represent AC fibre microstructure. In this study, we 
model the region of AC from the radial to the transitional zone with aligned, partially aligned and 
completely random cylindrical fibre networks. The methodology used to generate the fibre networks can 
be extended to model the superficial zone also. However, since the radial and transitional zones make up 
the majority of AC tissue thickness (88 - 97% ) [2], only these two zones were modelled in the present 
study.  
4.1 Long Diffusion Time   
A diffusion tensor (DT) describing restricted diffusion is generally a function of the diffusion time, Δ . In 
the long- Δ  regime, the DT is time-independent, and its characteristics depend only on the morphological 
properties of the sample. In a typical DTI measurement of AC, diffusion times can be in the range 
between 5 ms to 30 ms, resulting in RMS displacements of water molecules between 3 µm to 12 µm. As 
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this is much larger than the average distance between collagen fibres, the diffusion tensor measured in a 
DTI experiment of AC is the long- Δ , time-independent DT.   
Similarly, the Monte Carlo simulations presented in this work sample the long- Δ diffusion tensor of the 
collagen fibre networks. In the aligned networks, the typical separation between fibres can be estimated as 
/ FL N , where L  is the length of the simulation volume and FN is the number of fibres in the network. 
The smallest number of fibres in the fibre networks occurred when 0.05Φ = . For these networks, the 
typical separation between the fibres can be calculated as 320 nm. The expected RMS displacement of a 
tracer molecule during the simulation was 02 830 nmTD tNΔ ≈ . This distance is sufficiently greater than 
the typical fibre separation to ensure the DT is always in the long- Δ  regime for the aligned networks. In 
the disordered networks, the onset of the long- Δ  regime has been found to occur at values of Δ slightly 
longer than but comparable to those observed in the aligned networks [23]. Therefore, the simulations 
sampled the long- Δ diffusion tensor in the partially aligned networks as well. 
 4.2 Fibre and Water Interactions 
A hard-wall interaction potential was assumed for water-fibre interactions. Tracer molecules that 
attempted to move into the fibre volume were reflected back to their position at the beginning of the time 
step. We note that there exist multiple valid ways of treating hard-wall water/fibre boundary conditions, 
e.g. elastic reflecting fibre boundary conditions could have been used. However, the effect of the exact 
choice of fibre boundary conditions on the results of Monte Carlo simulations is negligible in the limit of 
small Monte Carlo step [29]. Despite the hard-wall interaction potential, the interaction between the water 
molecules and fibres can be described as weakly adsorbing.  Although the particle did not make a 
resultant step onto the fibre surface, it could be considered as having been adsorbed onto the fibre surface 
for the duration of that time step. In the following time steps, the molecule could again attempt a step 
inside the fibre volume (and remain adsorbed on the fibre surface) or move away from the fibre. As 
result, the molecules spent a small but finite time adsorbed near the fibre surface, causing a decrease in 
the average diffusivity of the ensemble. The time spent on the surface of the fibres is proportional to the 
surface-to-volume ratio of the fibre networks and inversely proportional to the volume fraction of water 
within the simulation volume.  
4.3 Eigenvectors 
In DTI of AC the principal eigenvector of the DT is used to infer the predominant direction of fibre 
alignment [4,11]. It corresponds to the direction of the most facile translational diffusion which, in the 
absence of noise, is characterised by the largest eigenvalue. However, in the presence of noise, both in 
DTI measurements and MC simulations, assigning the principal eigenvector based on the magnitude of 
the eigenvalues results in a ‘sorting bias’ [28]. Different techniques can be used to reduce this bias [27], 
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and in this work we have assigned the principal eigenvector, 1D , as the eigenvector that lies closest to the 
z-axis (section 2.3). For this definition of the principal eigenvector, the valid angles that 1D  can make 
with the z-axis lie within the range from 1 ˆ 1⋅ =D z ( 1D  parallel with the z-axis) to 1 ˆ 1 / 3 0.577⋅ = ≈D z  
(which corresponds to the “magic” angle, 1cos (1 / 3) 54.74− ≈ ° , at which the z components of the three 
eigenvectors are equal: 1 2 3ˆ ˆ ˆ⋅ = ⋅ = ⋅D z D z D z ).  In the simulation volumes where the fibres were mostly 
aligned ( 0.5α > ) the mean 1 ˆ⋅D z  was 0.998 . This suggests that in regions of AC where the collagen 
fibres are most aligned, i.e. the radial zone, 1D  gives and accurate indication of the predominant direction 
of collagen fibres. However, in simulation volumes where the fibres were almost isotropic, 1 ˆ⋅D z ranged 
from 1 to 0.597. As a result, the use of 1D to indicate the predominant fibre direction in regions with near-
isotropic fibre alignment is less meaningful. Therefore, this method of assigning 1D  also invokes some 
‘sorting bias’ on the data set, especially in poorly-aligned networks. 
4.4 Perfectly Aligned Networks  
Fibres in the radial zone of AC are usually described as being nearly perfectly aligned. While this 
assumption is commonly used for DTI data processing, it is not entirely true; there is evidence of some 
disorder in this zone [25,30,31]. Despite this, the aligned networks are a convenient starting point, as 
diffusion through aligned cylinders has been investigated theoretically [32], numerically [15,22,23,32] 
and using DTI experiments [15]. We include perfectly aligned networks in this data set for completeness 
and as a comparison to previous work.  
Each fibre in the aligned networks was forced to be parallel to the z-axis, resulting in 1α =  for all aligned 
simulation volumes. Figure 3 (a) demonstrates the relationship between the two diffusivities, 0/LD D  and 
0/TD D , and φ  for the aligned networks. Because the direction of predominant diffusion is parallel to 
the collagen fibres (mean 1 ˆ 1.000⋅ =D z ), the fibres do not cause any steric obstruction in the 
longitudinal direction. The slight decrease in the 0/LD D  across the range of φ  values is attributed, 
exclusively, to the weak adsorption of the water molecules onto the collagen fibres, described in section 
4.2. The weak adsorption process also contributes to the decrease in the transverse diffusivity, 0/TD D , 
across the range of φ . However, the majority of the decrease in 0/TD D  is due to the transverse 
obstruction presented by the fibres, which increases with φ . The increase in fibre obstruction with 
increasing φ  is also manifested in an increase in FA, as shown in figure 5 (a). The true effect of fibre 
obstruction on the transverse diffusivity can be found by correcting the 0/TD D  for the weak adsorption 
effect [22]: 
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4.5 Partially Aligned and Disordered Networks 
In order to produce a more realistic interpretation of AC microstructure, distributions of fibre orientations 
were used to introduce varying degrees of disorder into the fibre networks. Figures 3 (b) and 3 (c) show 
the relationships between the two diffusivities, 0/LD D  and 0/TD D , and φ  for partially aligned fibre 
networks ( 0.8α =  and 0.6α = ). As more disorder was introduced into the fibre networks, the 
obstruction effect of the collagen fibres was no longer constrained to the transverse plane, and both 
0/LD D  and 0/TD D  experienced a decrease across the range of φ . At these intermediate α  values, the 
predominant direction of fibre alignment was still along the z-axis and the obstructive effect of the fibres 
was still greater in the transverse direction than the longitudinal direction: 0 0/   />L TD D D D . As a 
result, the FA for the partially aligned networks also increased with φ ; however, this increase was less 
pronounced than in the perfectly aligned case.  
Figure 3 (d) shows that, in the case of completely disordered fibres, 0 0/ /≈L TD D D D  for the entire 
range of φ . In the completely disordered networks the obstruction was approximately equal in all 
directions, resulting in isotropic diffusion and a near-zero FA for all φ  (figure 5 (d)). The slight 
dependence of the FA on φ  for the disordered networks, as seen in figure 5 (d), can be attributed to the 
statistical noise in the simulations due to a finite ensemble size [23] . 
4.6 Fibre Intersections 
The relationship between the overlapped volume, φOverlap , and the volume fraction occupied by the 
fibres, φ , is described by equation (8). As explained in section 2.1 , φOverlap  did not distinguish between 
two or more than two fibres overlapping. Nevertheless, the majority of overlaps were two-fibre overlaps, 
as illustrated in figure 1. The dependence of φOverlap  on φ  is quadratic as the probability of a sample 
point lying inside at least two fibres is proportional to 2φ . Although the effect of individual fibre 
intersections was averaged over the twenty different realisations of the parameter pairs  Φ  and 0θ , the 
intersections did play an important role in the shaping of dependences of ,L TD D  and FA on φ .  
Previous numerical studies have shown a linear relationship between FA and φ  for aligned cylindrical 
networks [15,22] and for networks with rotated cylindrical fibres [23]. This is contrary to the relationship 
seen here, which is non-linear, especially at high degrees fibre alignment. There are potentially four 
reasons for this difference: 1) the conical distributions of fibre angles; 2) increasing fibre volume fraction 
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as a function of fibre number, with a constant fibre radius; 3) random placement of the fibres; and 4) the 
ability of the fibres to overlap. The non-linear shape of the data is most obvious in the completely aligned 
networks where there is no dispersion of fibre orientations. As a result, the use of conical distributions to 
generate the networks cannot be the reason for the non-linear behaviour of the FA. It has been shown that 
there is little difference between diffusion through randomly placed non-overlapping cylinders and 
through cylinders on a square lattice [15,32]. Additionally, Fieremans et al. found a linear relationship 
between fibre density and FA for randomly placed cylinders with a fixed diameter [15]. Therefore, we 
attribute the non-linear shape of the FA of our data set to the uniquely shaped structures produced by fibre 
overlap. 
The amount of anisotropy added to the system by the fibre intersections depended on the shape of the 
overlap volume. In the disordered networks, fibre overlaps are, on average, isotropic in shape and are 
isotropically distributed within the volume. These intersections act to restrict the diffusion of the tracer 
molecules but do not add any additional anisotropy to the networks. As a result, for 0.4α <  the 
relationship between FA and φ  could be described as linear, similar to the previous literature. 
Conversely, in networks with 0.4α >  fibre intersections are longer in the longitudinal direction than in 
the transverse direction and these overlap volumes add additional anisotropy to the network. As φ  
increases, not only does the number of intersections increase, but the size of the structures increases and a 
larger variety of overlapping shapes are produced, further increasing the anisotropy.  
4.7 Analytical model of the diffusion tensor 
An analytical model for predicting the diffusion tensor in networks of rotated fibres based on the 
diffusion tensor in the aligned-fibre networks was developed by Powell and Momot [23]. Here we extend 
this model to continuous conical distributions of fibre angles. If the diffusion tensor for the completely 
aligned networks, ( )φAD , is known, then the diffusion tensor for networks of fibers that are not aligned 
with the longitudinal axis can be produced by performing a unitary transformation of ( )φAD  using the 
appropriate set of Euler angles ( , , )α β γ . The DT for networks comprising fibres at many different angles 
can be estimated by integrating over the relevant Euler angles and normalising appropriately [23]:  
 
†' ( , , ) ( )    αβγαβγα β γ φ α β γ≈ ⋅ AD P U D U d d d   (12) 
where ( , , )α β γP is the probability density of fibres having the orientation given by Euler angles , ,α β γ  
and αβγU  is the corresponding unitary transformation matrix. For a distribution of fibre angles 
characterized by the cone semi-angle 0θ  ( 0..2α π= ; 00..β θ=  and 0γ = ) the diffusion tensor can be 
calculated as: 
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where 1 0 012 ( ( ) ( ))(2cos cos 2 )δ φ φ θ θ= − +L TD D  and ( )φLD  and ( )φTD  are the longitudinal and 
transverse diffusivities, respectively, of diffusion tensor for the aligned network, ( )φAD . The normalised 
( )φLD  and ( )φTD were found using 1α =  in equation (9) and equation (10), respectively. The FA as a 
function of φ  and 0θ  was then calculated from the diagonal elements of equation (13) using equation (7). 
A noise value equal to the statistical noise in the MC simulations, found from the simulations containing 
no collagen fibres (see section 3.1), was added to the calculated analytic FA. 
The analytic model matched the simulated FA data well for 0.2φ < . For φ  values larger than this, the 
analytic model was insufficient at predicting the FA, especially for networks with an intermediate degree 
of disorder ( 0.1α =  to 0.8 ). The typical collagen volume fraction in AC is around 0.15 - 0.2 [2]. This 
suggests that fibre distributions in AC could be estimated using this simplified analytic model if the 
diffusion eigenvalues in a well-aligned region of cartilage are known. In practice this could be achieved 
by using the diffusion eigenvalues obtained near the bone, in the radial zone, from a DT experiment.  
4.8 Comparison with Experimental Data 
The measured FA values obtained from a DT image, can be thought of as the sum of the intrinsic FA of 
the tissue and some noise FA [28]. The intrinsic FA of the tissue can, therefore, be estimated by 
subtracting the noise FA from the measured values. As the transitional zone contains completely 
disordered fibres, the measured FA in this zone can be considered to be entirely due to noise. The value of 
this noise FA is dependent on the conditions of the measurement (e.g. the strength of the static magnetic 
field, voxel size, coil sensitivity) and can vary significantly between MRI systems. In the following 
analysis we consider the results of native AC presented by de Visser et al. [13] as an example. In that 
study, the FA for the transitional zone was 0.06 0.02± . The radial zone had a FA that increased with 
depth from the articular surface, ranging from approximately 0.10 0.02± , directly beneath the transitional 
zone, to 0.16 0.05±  next to the bone. Using the transitional zone as the noise FA, the intrinsic FA of the 
tissue can be calculated from this data as 0.00  in the transitional zone and ranging from 0.04  to 0.1  in 
the radial zone. The typical φ  for both these zones ranges from 0.15 to 0.2 [2] . Using these φ  values in 
the equation for the simulated ( , )α φFA , as shown in Table 1, the simulated data was compared to the 
intrinsic FA values in AC.  
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Figure 6. The conical fibre distributions calculated from the intrinsic FA at different depths in an AC 
sample. The measured FA was obtained from [13] and 0.2φ =  is assumed. The noise FA was taken as the 
FA in the transitional zone (0.058). This noise FA was subtracted from the measured values to give the 
intrinsic FA of the AC sample (black dots). The semi-angle of the alignment cone for each data point was 
calculated using the method described in section 4.8. The conical fibre distributions are shown on the 
right of the figure for every second data point. Note that the position of the distributions does not exactly 
match the position of the corresponding data point.   
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The completely disordered networks in this work are synonymous with the transitional zone in AC. For 
these networks the FA ranged from (0,0.15) 0.007=FA  to (0,0.20) 0.008FA = . This is similar to the 
intrinsic FA in the transitional zone; the non-zero simulated FA value is a result of statistical noise as 
discussed in section 4.5. As mentioned before, the radial zone is generally considered as having near-
aligned fibres. The simulated FA for the aligned networks was calculated as (0,0.15) 0.11=FA  and 
(0,0.20) 0.16=FA . This is similar to the intrinsic FA in AC near the bone (0.1), indicating that the 
assumption of perfectly aligned fibres might be reasonable for the region directly next to the bone. 
However, the simulated values overestimate the measured FA in the region where the radial zone merges 
into the transitional zone. In this region of the radial zone there is partial alignment of the collagen fibres.  
Collagen fibre orientation is a key factor determining spin relaxation times in articular cartilage [2,33] . In 
the study by Zheng et al  [25] angular distributions were used to model 2T  relaxation in AC. They found 
that, near the bone, the angle of the fan-shaped angular distribution of fibres in the radial zone was 
approximately 0°  to 10° . Further away from the bone, this angle increased to a maximum of 27° . The 
alignment factor for such a distribution can be calculated as,  
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For a 0 27θ = °  the alignment factor is 0.894α ≈ . The expected FA with this disorder parameter can be 
recalculated as (0.894,0.15) 0.09=FA  to (0.894,0.20) 0.13=FA . This produces a lower FA than in the 
completely aligned networks but is still an overestimation of the intrinsic FA of the AC in the radial zone.   
In practice, however, we would like to use diffusion models, such as this one, to quantify the 
experimental FA in AC in terms of fibre angle distributions. Here we show that the fibre distribution for 
voxels in DT images can be calculated from the FA, if the fibre volume fraction is approximately known. 
This could be achieved using other MRI techniques, such as T1 weighted images [34]. Once φ  is known, 
the process for determining the fibre distribution around a preferred fibre direction from experimental 
data consists of only a few steps. As usual, the principal eigenvector can be used to infer the predominant 
direction of fibre alignment, expect for the limit of randomly distributed fibres.  From the FA, the 
corresponding ߙ can be calculated by numerically solving ( , )α φFA . This in turn, can be used to solve 
equation (2) and produce the corresponding semi angle of the fibre distribution cone, 0θ .  
Figure 6 shows intrinsic FA values, obtained experimentally by de Visser et al [13], as a function of depth 
in the AC. The distribution cone for each data point was calculated using the method described above, the 
conical distribution of fibres for every second data point is displayed on the right of the figure. 
Visualisation of the conical distributions at certain depths adds to the immediate qualitative interpretation 
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of the FA values. Usually DTI data is displayed visually in a ‘quiver plot’ where each voxel in the DT 
image is replaced by a vector in the direction of the principal eigenvector [13,14,28]. Additionally, this 
vector can be coloured or scaled to represent the FA. ‘Quiver plots’ give an indication of the lateral 
spread of the principal eigenvector orientations as well as changes in average fibre alignment with depth 
from articular surface. They can, however, be misleading especially for voxels in the transitional zone 
where no predominant direction of fibres is present but is still represented by a vector of specific direction 
(see section 4.3).  The use of distributions, instead of vectors for the quiver plots would allows for, not 
only the principal direction of the fibres to be visualised, but the dispersion of the fibre orientations in 
different zones as well.  
Conclusions 
This research was motivated by the need to quantify the relationship between the diffusion tensor and 
morphological features of articular cartilage. We used Monte Carlo simulations to investigate the effect of 
fibre volume fraction and angular distribution on the diffusion tensor of the interstitial water in cartilage. 
The fibre networks were modelled as a conical distribution of cylinders, with the cylinders positioned 
randomly within the simulation volume. The fibres were allowed to overlap. The simulations included 
aligned, partially aligned and completely disordered networks in order to model the transitional and radial 
zones in AC. The methodology used to create the fibre networks can be easily extended to model the 
superficial zone, where the diffusion tensor is oblate. We found a quadratic dependence of FA on the 
collagen volume fraction and attribute this to the shape and number the fibre intersections. There was 
good agreement between the simulated FA for our networks and the intrinsic FA of AC in the transitional 
zone. This was also true for the radial zone when some fibre disorder was assumed. Finally, we 
demonstrated how our model can be used to quantitatively determine the fibre alignment distribution in 
DT images if the collagen volume fraction is approximately known.  
 
Acknowledgements 
MCT and SKP acknowledge the finical support by the Institute of Health and Biomedical Innovation 
(IHBI). Supercomputer resources and services used in this work were provided by the High-Performance 
Computing Centre and Research Support Group (HPC), Queensland University of Technology. We thank 
Mr Matt Shortell, Dr Mark Wellard and Mrs Sirisha Tadimalla for many useful discussions.   
 
 
 
 26
References   
[1] Eyre D R, Weis M a and Wu J-J 2006 Articular cartilage collagen: an irreplaceable framework? 
European Cells and Materials 12 57–63 
[2] Xia Y 2000 Magic-angle effect in magnetic resonance imaging of articular cartilage: a review. 
Investigative Radiology 35 602–21 
[3] Nieminen M T, Rieppo J, Töyräs J, Hakumäki J M, Silvennoinen J, Hyttinen M M, Helminen H J 
and Jurvelin J S 2001 T2 relaxation reveals spatial collagen architecture in articular cartilage: a 
comparative quantitative MRI and polarized light microscopic study. Magnetic Resonance in 
Medicine 46 487–93 
[4] De Visser S K, Bowden J C, Wentrup-Byrne E, Rintoul L, Bostrom T, Pope J M and Momot K I 
2008 Anisotropy of collagen fibre alignment in bovine cartilage: comparison of polarised light 
microscopy and spatially resolved diffusion-tensor measurements. Osteoarthritis and Cartilage 16 
689–97 
[5] Carballido-Gamio J, Blumenkrantz G, Lynch J a, Link T M and Majumdar S 2010 Longitudinal 
analysis of MRI T(2) knee cartilage laminar organization in a subset of patients from the 
osteoarthritis initiative. Magnetic Resonance in Medicine 63 465–72 
[6] Xia Y, Moody J B, Burton-Wurster N and Lust G 2001 Quantitative in situ correlation between 
microscopic MRI and polarized light microscopy studies of articular cartilage. Osteoarthritis and 
Cartilage 9 393–406 
[7] Azuma T, Nakai R, Takizawa O and Tsutsumi S 2009 In vivo structural analysis of articular 
cartilage using diffusion tensor magnetic resonance imaging. Magnetic Resonance Imaging 27 
1242–8 
[8] Pierce D M, Trobin W, Trattnig S, Bischof H and Holzapfel G a 2009 A phenomenological 
approach toward patient-specific computational modeling of articular cartilage including collagen 
fiber tracking. Journal of Biomechanical Engineering 131 091006 
[9] Pierce D M, Trobin W, Raya J G, Trattnig S, Bischof H, Glaser C and Holzapfel G a 2010 DT-
MRI based computation of collagen fiber deformation in human articular cartilage: a feasibility 
study. Annals of Biomedical Engineering 38 2447–63 
[10] Raya J G, Melkus G, Adam-Neumair S, Dietrich O, Mützel E, Reiser M F, Putz R, Kirsch T, 
Jakob P M and Glaser C 2013 Diffusion-Tensor Imaging of Human Articular Cartilage Specimens 
with Early Signs of Cartilage Damage. Radiology 266 831–41 
[11] Filidoro L, Dietrich O, Weber J, Rauch E, Oerther T, Wick M, Reiser M F and Glaser C 2005 
High-resolution diffusion tensor imaging of human patellar cartilage: feasibility and preliminary 
findings. Magnetic Resonance in Medicine 53 993–8 
[12] Meder R, de Visser S K, Bowden J C, Bostrom T and Pope J M 2006 Diffusion tensor imaging of 
articular cartilage as a measure of tissue microstructure. Osteoarthritis and Cartilage 14 875–81 
[13] De Visser S K, Crawford R W and Pope J M 2008 Structural adaptations in compressed articular 
cartilage measured by diffusion tensor imaging. Osteoarthritis and Cartilage 16 83–9 
 27
[14] Deng X, Farley M, Nieminen M T, Gray M and Burstein D 2007 Diffusion tensor imaging of 
native and degenerated human articular cartilage. Magnetic Resonance Imaging 25 168–71 
[15] Fieremans E, De Deene Y, Delputte S, Ozdemir M S, D’Asseler Y, Vlassenbroeck J, Deblaere K, 
Achten E and Lemahieu I 2008 Simulation and experimental verification of the diffusion in an 
anisotropic fiber phantom. Journal of Magnetic Resonance 190 189–99 
[16] Jiao Y and Torquato S 2012 Quantitative characterization of the microstructure and transport 
properties of biopolymer networks. Physical Biology 9 036009 
[17] Stylianopoulos T, Diop-Frimpong B, Munn L L and Jain R K 2010 Diffusion anisotropy in 
collagen gels and tumors: the effect of fiber network orientation. Biophysical Journal 99 3119–28 
[18] Tomadakis M M and Sotirchos S V. 1993 Effective diffusivities and conductivities of random 
dispersions of nonoverlapping and partially overlapping unidirectional fibers The Journal of 
Chemical Physics 99 9820 
[19] Tomadakis M M and Sotirchos S V. 1993 Transport properties of random arrays of freely 
overlapping cylinders with various orientation distributions The Journal of Chemical Physics 98 
616 
[20] Valiullin R and Skirda V 2001 Time dependent self-diffusion coefficient of molecules in porous 
media The Journal of Chemical Physics 114 452 
[21] Fridjonsson E O, Bernin D, Seymour J D, Nydén M and Codd S L 2011 Erratum to: 
Hydrodynamic dispersion in β-lactoglobulin gels measured by PGSE NMR. The European 
Physical Journal E, Soft Matter 34 1–15 
[22] Momot K I 2011 Diffusion tensor of water in model articular cartilage. European Biophysics 
Journal 40 81–91 
[23] Powell S K and Momot K I 2012 Langevin dynamics modeling of the water diffusion tensor in 
partially aligned collagen networks Physical Review E 86 031917 
[24] Ateshian G A, Rajan V, Chahine N O, Canal C E and Hung C T 2009 Modeling the matrix of 
articular cartilage using a continuous fiber angular distribution predicts many observed 
phenomena. Journal of Biomechanical Engineering 131 061003 
[25] Zheng S, Xia Y and Badar F 2011 Further studies on the anisotropic distribution of collagen in 
articular cartilage by μMRI. Magnetic Resonance in Medicine 65 656–63 
[26] Collings P J and Hird M 1997 Introduction to Liquid Crystals Chemistry and Physics (Bristol, PA, 
London: Taylor and Francis) 
[27] Basser P J and Pajevic S 2000 Statistical artifacts in diffusion tensor MRI (DT-MRI) caused by 
background noise. Magnetic Resonance in Medicine 44 41–50 
[28] Momot K I, Pope J M and Wellard R M 2011 Digital Processing of Diffusion-Tensor Images of 
Avascular Tissues Medical Image Processing: Techniques and Applications ed G Dougherty 
(New York, NY: Springer New York) pp 341–71 
[29] Xing H, Lin F, Wu Q and Gong Q 2012 Investigation of different boundary treatment methods in 
Monte-Carlo simulations of diffusion NMR. Magnetic Resonance in Medicine 
 28
[30] Kääb M J, Ito K, Clark J M and Nötzli H P 1998 Deformation of articular cartilage collagen 
structure under static and cyclic loading. Journal of Orthopaedic Research 16 743–51 
[31] Minns R J and Steven F S 1977 The collagen fibril organization in human articular cartilage. 
Journal of Anatomy 123 437–57 
[32] Johannesson H and Halle B 1996 Solvent diffusion in ordered macrofluids : A stochastic 
simulation study of the obstruction effect Journal of Chemical Physics 104 6807–17 
[33] Momot K I, Pope J M and Wellard R M 2010 Anisotropy of spin relaxation of water protons in 
cartilage and tendon. NMR in Biomedicine 23 313–24 
[34] Shapiro E M, Borthakur A, Kaufman J H, Leigh J S and Reddy R 2001 Water distribution patterns 
inside bovine articular cartilage as visualized by 1H magnetic resonance imaging. Osteoarthritis 
and Cartilage 9 533–8  
 
 
 
 
 
 
 
 
 
 
 
  
